Atomistic kinetic Monte Carlo simulations have been performed to illustrate the correlation between the Si interstitial defects generated by ion implantation, and B diffusion and activation in Si. The amount of residual damage is not very affected by moderate dynamic anneal during subamorphizing implants. However, dynamic anneal even at room temperature significantly influences the residual damage in amorphizing implants. The efficiency of the surface as a sink for point defects affects the evolution of Si interstitial defects. They set the Si interstitial supersaturation that is responsible for transient enhanced diffusion of B and also control the formation and dissolution of B-Si interstitial clusters.
I. INTRODUCTION
The shrinking of Si device dimensions has revealed material and process limits that make the fabrication of integrated circuits very complex. Although new materials and new concepts are being explored, Si technology is likely to remain dominant at least until 2016. The International Technology Roadmap for Semiconductors specifies challenges in all process steps for the achievement of proper device performance. 1 In the field of doping technology for planar bulk complementary metal-oxide semiconductor devices, one of the most challenging requirements concerns the achievement of doping profiles in the source/drain extension regions with shallower junction depths for the control of short-channel effects ͑ϳ10 nm͒, while simultaneously optimizing the sheet resistance ͑ϳ500 ⍀ /sq͒-junction depth product and doping abruptness at the extension-channel junction. In order to alleviate the need for such aggressive scaled junctions, other structures are being considered, such as fully depleted silicon-on-insulator ͑SOI͒ and double-and multigate devices. However, among all possibilities, no solution has emerged as a clear alternative so far.
Modeling has become an essential tool for the understanding of mechanisms involved in junction formation and for process optimization. Two of the most important issues in the area of front-end process modeling are the diffusion and interactions of dopants and defects. These phenomena are highly transient, and their dynamics need to be captured in order to define processes that provide maximal dopant activation with minimal diffusion. Although continuum models are the mainstay in process simulators used in the semiconductor industry, atomistic process models are very helpful in improving the understanding of interactions and in extracting relevant parameters. Kinetic Monte Carlo ͑KMC͒ models can handle dopant and defect interactions at atomic level and their results can be directly compared to experimental results. 2 This technique has been proven to be advantageous when the complexity of the model would involve a large number of partial differential equations in continuum simulators. 2, 3 We focus on the case of B because it is one of the most common dopants used for the formation of p-type regions due its high solid solubility in Si. B presents a number of intriguing effects associated with nonequilibrium B-defect interactions that are responsible for the resulting active dopant profile. Predictive process simulation has stimulated the development of detailed models about B transient enhanced diffusion ͑TED͒, evolution of extended defects, and formation and dissolution of B-Si interstitial clusters ͑BICs͒. [2] [3] [4] [5] [6] In this paper we provide physical insight into atomic mechanisms that control B diffusion and activation, and their correlation with defect evolution.
II. ION IMPLANTATION AND RESIDUAL DAMAGE
Ion implantation is simulated using the binary collision approximation code MARLOWE. 7 This provides the coordinates of Si self-interstitials and vacancies as well as those of the implanted ion. These coordinates are transferred to the KMC code DADOS, 2 which performs diffusion and interactions according to the event rates of defects included in the simulation cell. New cascades are added at time intervals defined by the dose rate. The process is repeated until the specified dose is reached. Then, additional annealing can be simulated in the KMC code. Event rates for diffusion and interactions among intrinsic defects ͑vacancies and Si interstitials͒ and impurities are extracted from experiments and theoretical calculations. 2, 3 In addition to the usual interactions for the formation of Si self-interstitial clusters, vacancy clusters, and BICs, we also consider that an IV pair is formed when a vacancy ͑V͒ and a Si self-interstitial ͑I͒ are within the interaction radius of each other. This defect is considered the building block of the amorphous phase and it has an activation energy for recombination that increases with the number of neighboring IV pairs. 8 The recombination rate is also considered to depend on the number of impurity neighbors to capture the dependence of solid phase epitaxial regrowth ͑SPER͒ on doping level. 9 By analogy with defects in crystalline Si, we call "amorphous interstitials" and "amorphous vacancies" the excess or deficit atoms surrounded by IV pairs. These defects are confined mostly to the amorphous a͒ Electronic mail: lourdes@ele.uva.es region by imposing an increase in energy if the "amorphous defect" diffuses into crystalline material.
Implant temperature and dose rate ͑beam current͒ determine the dynamic anneal during the implant. Here, we illustrate the influence of the dose rate on the residual damage, but similar results are obtained when the implant temperature is varied a few degrees around room temperature ͑RT͒. In Fig. 1 we compare the as-implanted damage and the residual damage after 500°C 400 s anneal, both for subamorphizing ͑10 14 cm −2 ͒ and amorphizing ͑8 ϫ 10 14 cm −2 ͒ 12 keV Si implants at dose rates of 2.48ϫ 10 11 and 8.27ϫ 10 12 cm −2 s −1 . At lower dose rates ͑or higher temperature͒ more IV-pair recombination, diffusion, and interaction events occur during the time that the implant process takes. As a result, the amount of accumulated damage during the implant is smaller.
When an additional annealing is performed after a subamorphizing implant, most IV pairs annihilate and some Siinterstitial clusters ͑also a few vacancy clusters near the surface͒ are formed. The amount of residual Si interstitials is almost identical for low and high dose rates, 1.30ϫ 10 14 and 1.34ϫ 10 14 cm −2 , respectively, and it basically mirrors the implanted ion profile ͑+1 model 10 ͒. Therefore, for subamorphizing implants, the influence of dynamic anneal during the implant process at temperatures around RT is minimal. Nevertheless, in a previous work 11 we have shown that appreciable differences can be observed in the amount of residual damage when the implant temperature is very high ͑ Ͼ400°C͒.
In the case of amorphizing implants, a larger amount of surviving damage after the high dose rate implant leads to the formation of a slightly deeper amorphous layer ͑a-layer͒. During subsequent regrowth, excess defects contained within the a-layer are swept towards the surface, and only defects beyond the initial amorphous/crystalline ͑a / c͒ interface remain. Thus, deeper a-layers result in fewer residual defects. Although the difference in the a-layer thickness may be smaller, a significant variation in the amount of residual damage is obtained because the region near the a / c interface is the area with larger defect concentration. In the conditions under study, a difference of 5 nm is experimentally observed in the a-layer thickness, 12 in agreement with our simulations. We estimate a residual damage of ϳ5.50ϫ 10 14 Si interstitials. cm 2 for the shallower a-layer, while we obtain ϳ3.45ϫ 10 14 Si interstitials. cm 2 for the deeper one. Therefore, for amorphizing implants, dynamic anneal even at RT has a significant influence in the amount of residual damage. Differences in the beam current or the cooling system of different implanters may result in variations of the amount of residual damage, and consequently, in different dopant profiles, which in turn define device characteristics. A good control of these parameters is required to guarantee reproducibility, particularly for amorphizing implants.
III. TRANSIENT ENHANCED DIFFUSION AND DEFECT EVOLUTION: THE SURFACE AS A SINK FOR POINT DEFECTS
In continuum models, the efficiency of the surface as a sink for point defects is generally described in terms of the recombination length , 13 while in KMC models, the recombination probability p is used. Both parameters are related by the expression = l o / p, where l o is the jump distance of point defects ͑we take second neighbor distance in Si, ϳ3.84 Å͒. Efficient sinks are associated with recombination probabilities closer to unity, or recombination lengths of a few jump distances. The surface also emits Si interstitials and vacancies at a rate that defines the equilibrium defect concentration. It is important to note that the p ͑or ͒ value does not change the equilibrium concentrations. If defects are recombined at a smaller rate, the emission rate will be reduced by the same factor, so that fluxes from and towards the surface are equal in equilibrium. However, the p value determines the time required to reach equilibrium when the system has been perturbed. Ion implantation generates a large number of Si interstitials and vacancies. Most of them recombine in pairs, but the excess Si interstitial generated as the implanted ion becomes substitutional and displaces a Si atom has no vacancy pair to recombine with. Residual Si interstitials are stored in small clusters, ͕113͖ defects and dislocation loops. Si interstitials are slowly released from these extended defects and may interact with dopants causing TED. 6 Eventually, they reach the surface where they are annihilated with a probability p ഛ 1. Most experiments on B diffusion are consistent with a surface acting as an efficient sink for point defects, although different values have been reported. Lim et al. extracted ϳ 100 nm at 800°C by approaching a B profile to the surface by etching. 13 Agarwal et al. showed that TED was significantly reduced when the implant energy decreases and estimated Ͻ10 nm at 800°C. 14 Cowern et al. determined ϳ 1 -5 nm at 900°C by monitoring B diffusion in the near surface region when a defect band was placed at different depths by a preamorphizing implant. 15 Venezia et al. found a correlation between the dissolution time of Si interstitial defects and their distance to the surface, which indicates that the surface was acting as a good sink. 16 However, other experiments on defect evolution questioned the efficiency of the surface as a sink for point defects. Based on the absence of changes in dislocation loop density with decreasing distance to the surface, Omri et al. concluded that the surface was not a good sink. 17 Moller et al. reached a similar conclusion based on the fact that no preferential dissolution was observed on the near surface area of a defect band compared to the deeper area. 18 The large and long lasting defects observed for high-dose low-energy implants also may lead us to think that the surface was not acting as an efficient sink for defects. 19 However, a detailed atomistic analysis indicates that these experiments are also consistent with the surface acting as an efficient sink. 20 When the distance among defects is smaller than the distance to the surface, Si interstitials emitted from extended defects are more likely to be recaptured by other defects than to reach the surface. Therefore, during some time Si interstitials can be exchanged among defects with a minimal loss to the surface.
We have simulated a box-like Si interstitial profile band located between 20 and 30 nm from the surface and we have considered different recombination probabilities at the surface. This theoretical structure allows us to easily define concentrations and distances, and it is a simplification of the residual Si interstitials typically obtained after recombination of all IV pairs. In Fig. 2 we plot the time integrated Si interstitial supersaturation ͑which is proportional to TED of interstitial diffusing dopants 5, 11 ͒ taken after 10 s and after 2000 s at 800°C. While Si interstitial clusters exist ͑10 s͒, the supersaturation around the defect band and towards the bulk is independent of the efficiency of the surface and it is only determined by the binding energy of Si interstitial clusters. If the recombination probability is low, excess Si interstitials can be closer to the surface without being annihilated. The smaller the recombination probability ͑larger ͒ is, the higher the Si supersaturation near the surface. The flux of Si interstitials towards the surface is defined by the effective distance of the defect band ͑ϳ average projected range of the implant, R p ͒ to the point where equilibrium Si interstitial concentration is reached ͑ϳR p + ͒. Therefore, the time for complete annihilation of the excess Si interstitials generated by the implant increases with reduced p ͑larger ͒ and so do the total time integrated Si interstitial supersaturation ͑once Si interstitial clusters have dissolved, at 2000 s͒ and the total TED.
In Table I we indicate the simulated dissolution time of Si interstitial defects located between 0 and 10 nm ͑R p =5 nm͒ and between 20 and 30 nm ͑R p =25 nm͒ for different values. When R p ӷ, the dissolution time of Si interstitial clusters is not very dependent on , while when R p is comparable to , the influence of is significant. Therefore, for lowenergy implants ͑small R p ͒, a less ambiguous determination of is necessary to develop predictive models. This value affects the dissolution time of Si interstitial defects, Si interstitial supersaturation near the surface, and the total amount of TED. 
IV. B ACTIVATION
B deactivation has been assigned to the formation of BICs. By using indirect parameter extraction from dedicated experiments, we have developed a model that captures the kinetics of BIC formation and dissolution. 2 In crystalline Si, the formation of BICs is driven by the initially high Si interstitial concentration generated during the implant itself.
2 BIC dissolution ͑B activation͒ requires high thermal budgets but the process is accompanied by significant thermal diffusion, which poses a trade-off between limiting the amount of diffusion and reaching high activation levels. Because of the larger activation energy for B activation ͓ϳ4.8 eV ͑Ref. 21͔͒ compared to that for diffusion ͓ϳ3.5 eV ͑Ref. 22͔͒, improved junction depth-sheet resistance specifications can be achieved by high-temperature short-time anneals ͑spike, flash, submelt laser͒ rather than by lower-temperature longertime processes. 23 A method to achieve high activation levels with minimal diffusion is preamorphization followed by lowtemperature SPER of the a-layer that contains the dopant. During SPER excess defects in the a-layer are swept towards the surface, very little B diffusion occurs, 24 and some BICs are formed if the B concentration is very high, 25 but active levels up to ϳ2 ϫ 10 20 cm −3 are easily reached. 24, 26 Nevertheless, the end of range ͑EOR͒ defects remaining beyond the initial a / c interface are a drawback in terms of junction leakage, mobility degradation, and stability of the junction upon subsequent processing. Figure 3 shows the simulated evolution during the ramp up and anneal at 1010°C of the dose of substitutional B ͑B's͒ and Si interstitials in BICs and in extended defects, of a 1 keV, 10 15 cm −2 B implant in crystalline Si for a surface with p =1 ͑perfect sink͒ and for p = 0.01. The experimental active B dose reported in Ref. 27 is also represented. The amount of B's just after implant ͑initial time in Fig. 3͒ is very low because BICs are easily formed during implantation due to the overlapping of B atoms and Si interstitial defects in the same region. Since BIC formation is a local effect, similar B activation is obtained for both p values. BICs act as an efficient trap for Si interstitials, reducing the number of available Si interstitials for other clusters and ͕113͖ defects. Only a few of those are formed, they are very small and dissolve rapidly. Si interstitials emitted from these defects favor the capture of B and Si interstitials by BICs and thus enhance their growth and stabilization, with subsequent deactivation ͑decrease in B's͒. When Si interstitial clusters disappear and the Si interstitial supersaturation approaches equilibrium, BICs release Si and B interstitials. BICs slowly dissolve and the amount of B's increases. Since the annealing temperature is very high, and BIC dissolution occurs with a Si interstitial concentration close to equilibrium, the reactivation process is not very sensitive to the p value.
In Fig. 4 we plot the dose of substitutional B atoms and Si interstitials stored in BICs and EOR defects for a 0.5 keV, 10 15 cm −2 B implant into a 50 nm preamorphized Si layer during annealing at 800°C after a preanneal at 650°C ͑to induce SPER͒ both for p =1 ͑perfect sink͒ and p = 0.01. Experimental values taken from Ref. 26 are also represented. We assume that after SPER, concentrations of up to ϳ2 ϫ 10 20 cm −3 are substitutional B atoms, and above that concentration B 3 I ͑three B atoms and one interstitial͒ complexes are formed according to theoretical calculations. 25 During additional annealing, Si interstitials stored in EOR defects decrease at the same time that the B is deactivated ͑B's dose decreases͒. This indicates that Si interstitials injected from the EOR defects interact with B atoms and mobile B-I pairs, and Si interstitials are trapped by BICs causing additional B deactivation. When EOR defects disappear or stable dislocation loops are formed, the rate of injection of Si interstitials towards the surface decreases. With a reduced Si interstitial supersaturation around the B profile, BICs dissolve. When the surface is not an efficient sink ͑low p value͒, Si intersti- tials have more chances of being exchanged among defects before being annihilated at the surface. This favors the recapture of Si interstitials and a faster B deactivation. Also, Si interstitial defects at the EOR can grow to larger sizes and dislocation loops are formed faster.
V. CONCLUSIONS
Using KMC atomistic process simulations we have illustrated the correlation between Si interstitial defects and B diffusion and activation. We have shown that, for subamorphizing implants in crystalline Si, the amount of residual damage is not affected by moderate dynamic annealing, and the +1 model approximately holds. However, for amorphizing implants, the dynamic anneal even at RT significantly influences the amount of residual damage. The dissolution time of Si interstitial defects and the Si interstitial supersaturation near the surface is greatly affected by the recombination probability at the surface, but this parameter has not been clearly determined in experiments. The efficiency of the surface as a sink for point defects affects the evolution of Si interstitial defects and it sets the Si interstitial supersaturation that is responsible for TED and also controls the formation and dissolution of BICs. The effect associated with differences in the surface efficiency is more pronounced at lower annealing temperatures because the Si interstitial supersaturation set by excess defects is larger. Ultrashallow junctions in nanometer devices and structures such as fully depleted SOI and multigate devices will reveal a more relevant role of interfaces and will require accurate surface models to unambiguously determine the evolution of dopant profile and residual damage, which in turn control the device characteristics.
